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The Hngh Speed  Water  Tunnel  1s o p e r a t e d  by t h e  C a l n f o r n n a  I n s t  nt a t e  
o f  T e c h n o l o g y  u n d e r  C o n t r a c t O E M s r  - 2 0 7  w n t h  t h e  OSRD a n d  i s  s p o n s o r e d  
b y  D i v r s r o n  6 ,  S e c t n o n  6 1 of t h e  NDRC The  r n v e s t i g a t n o n s  r e p o r t e d  
h e r e  w e r e  made a t  t h e  r e q u e s t  of t h e  U n n t e d  S t a t e s  Navy D e p a r t m e n t ,  
David T a y l o r  Model B a s r n  u s  u u t h o r r z e d  by a l e t t e r  of J a n u a r y  1 7  1 9 4 4 ,  
f rom D r  E H C o l p r t t s  Chref  of S e c t r o n  6 !t NDRC 
T h i s  r e p o r t  c o t e r s  Wai e r  T u n n e l  B e s t s  of a two .dnmens r o n a l  " i n  - 
s t a l l a t  r o n  o f  a 3 c h o ~ d ,  10" s p a n  s e c t  r o n  of t h e  NACA 4412 p r o f i l e  
The t e s t  s i n c l u d e d  measurement s d u r  1 ng c a v r t a t  i o n  - f  s e e  o p e r a l  i o n  of t h e  
hydrodynamic  f o r c e s  and  moments a s  f u n c t s o n s  of  t h e  a n g l e  of a t t a c k  and  
v e l o c r t y  of  f low' ,  a n d  observations u n d e r  c a v i t u t i n g  c o n d ~ i i o n s  of t h e  
i n c e p t i o n  a n d  g r o w t h  of c a v r t a t  r o n  f o r  d r f f e r e n t  a n g l e s  of a t t a c k  a s  
f u n c t i o n s  of t h e  e a v r t a t n o n  p a r a m e t e r  K The  r e s u l t s  a r e  c o m p a r e d  
w i t h  e x i s t i n g  xnformal  i o n  on t h i s  h y d r o f o e 1  f r o m  o t h e r  s o u r c e s  and  t h e  
Water  T u n n e l  t e s t  methods f o r  o b t a r n l n g  t h e  hydrodynamic c h a r a e t e r i s . i  i c s  
of h y d r o f o n l s  a r e  d r s c u s s e d  The main f r n d i n g s  a r e  a s  f o l l o w s ,  
4 ,  Water  T u n n e l  t e s t i n g  p r o v i d e s  a v e ~ y  s a t  r s f ac toa ry  method of o b s e r v -  
zng a n d  measussng  cavitaai.  aon charar r t  e r n s t  i c s  of hyd ro f  o r  i s  a s  w e l l  
a s  n o n - c a v ~ t a t i n g  c h a r a c t e r n s t  i e s  a l l  w r t h  a  s r n g l e  t e s t  i n s t a l  - 
Eat ron  
2 .  P h o t o g r a p h s  of c a v i t a t  ron  and  t h e  s r m u l t a n e o u s  p r e s s u r e  and  v e l o c i t y  
measurement s i l l u s t r a t e  
a )  T h e  a c c e l e r a t i o n  o f  r n c e p t r o n  o f  c a v i t a t i o n  by i n c r e a s e  i n  
v e l o c r t y  o r  by  d e c r e a s e  En p r e s s u r e  [ e i t h e r  one of which  c a u s e s  
t h e  c a v r t a t i o n  p a r a m e t e r ,  K ,  l o  become s m a l l e r ) ,  a n d  b y  i n .  
c r e a s e  r n  a n g l e  of a t t a c k  The  r e s u l t s  a r e  s u m m a r i z e d  c o n -  
v e n n e n t l y  ~ n  t h e  f o r m  o f  c u r v e s  o f  s u b m e r g e n c e  s e q u l r e d  l o  
a v o i d  c a v i t a t r o n  f o r  d r f f e r e n t  v e l o c i t i e s  a n d  a t t a c k  a n g l e s  
b )  The r n c e p t   on f  I r s t  on one  f a c e  a n d  t h e n  on t h e  oi he r  f a c e  of  
'i he  h y d r o f o  i L , as ? h e  c a v r l  a t  ron p a r a m e t e r  1 s  reduced  
c )  T h e  c h a n g e  i n  m a g n r l  u d e  a n d  f h e  c h a r u c i e r  of I he  c a v l t  a t  r o n  
b u b b l e  w i t h  a n g l e  of a f t a c k  a n d  w ~ t  h  c a v i l a t  i o n  p a r a m e t e r  
d )  T h e  e f f e c t  o f  s m a l l  s u r f a c e  r r r e g u i a r n *  i e s  o r  a d h e s l o n  o f  
f o r e r g n  m a t e r n a l  t o  t h e  l e a d r n g  e d g e  o f  I h e  h y d r o f o i l  r n  a c -  
c e 1 e r a t  nng nncept  l o n  of cavnt  a t  ron  
3 ,  With  t h e  t w o - d r m e n s e o n u i  ( t e s t  n n s t a l l a i i o n s  t h e  i n f r n r t e  a s p e c t  
r a t  no o r  s e c t  non c h a r a c l  e r ~ s z  ncs c a n  be approxnmat e d  -vv l t  hout  d a t  a  
c o r r e c i  r o n  of  a n y  knnd T h r s  i s  nn c o n t r a s t  w i t h  t h e  n o r m a l  t y p e  
of r n s t a l l a t  % o n  w l +  h t h r e e  d r m e n s r o n u l  f l o w  a b o u t  s h o r i  s p a n s  w h e c h  
r e q u i r e  e l a b o r a t  e  c o r r e c t  ~ o n s  i o  o b t a i n  i n f  l n r  t e  a s p e c t  r a t  i o  
 ha r a c i  e r i s *  ~ C S  
4 E v a i u a i  non of p o s s i b i e  e - r o r s  i n d i c a t e s  t h a t  t h e  a c c u r a c y  of t h e s e  
d a t a  1s good i n  t h e  r o w - l i t . $  r a n g e  of no rma i  h y d r o f o ~ i  a p p l n e a t r o n s ,  
h r g h  i l f f s  ! l a r g e  a t t a c k  a n g l e s )  t$er  b s o l u t e  a c c u r a c y  r e  - 
duced  b u t  t h e  g o  i t s W A B $ 9 ; e ~ B i r f i ~ ~ ~ s ~ % ~ ~ ~ f i  111 obtained 
gf IRG PER J I B ~ B . ~ ~  
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1 .  P U R P O S E  A N D  S C O P E  O F  T H E  I N V E S T I G A T I O N  
T h i s  r e p o r t  c o v e r s  Water  T u n n e l  measurements  of t h e  i n f i n i t e  
a s p e c t  r a t i o  c h a r a c t e r i s t i c s  and  c a v i t a t i o n  c h a r a c t e r i s t i c s  of  a  
h y d r o f o i l  s e c t i o n .  The  p r o f i l e  t e s t e d  i s  i d e n t i c a l  t o  t h e  4412 
a i r f o i l  s e c t i o n  of t h e  N a t i o n a l  A d v i s o r y  Committee f o r  A e r o n a u t i c s  
a n d  i s  c a l l e d  t h e  NACA 4412  h y d r o f o i l  i n  t h i s  r e p o r t .  M e a s u r e -  
ments  and  o b s e r v a t i o n s  i n c l u d e  l i f t ,  d r a g ,  and p i t c h i n g  moment and 
t h e  i n c e p t  i o n  a n d  deve lopmen t  o f  c a v i t a t i o n  a s  f u n c t i o n s  of  t h e  
a n g l e  of  a t t a c k ,  v e l o c i t y  and  p r e s s u r e  of t h e  f l o w ,  The p u r p o s e  
o f  t h i s  r e p o r t  is  t o  p r e s e n t  t h e s e  measurements  of t h e  c h a r a c t e r -  
i s t i c s  of t h i s  s e c t i o n  i n  w a t e r ,  t o  compare t h e  r e s u l t s  w i t h  o t h e r  
a v a i l a b l e  i n f o r m a t i o n  on t h i s  s h a p e ,  a n d  t o  e v a l u a t e  t h e  W a t e r  
T u n n e l  method f o r  o b t a i n i n g  t h e  c o m p l e t e  hydrodynamic  c h a r a c t e r -  
i s t i c s  of  h y d r o f o i l s ,  
1 1 .  D E S C R l P T i O N  O F  I N S T A L L A T I O N  A N D  T E S T S  
T h e  t e s t s  d e s c r i b e d  i n  t h i s  r e p o r t  w e r e  made i n  t h e  H i g h  
Speed  Wate r  T u n n e l  a t  t h e  C a l i f o r n i a  I n s t i t u t e  of T e c h n o l o g y ,  ( l )  
F o r  t h e  e x p e r i m e n t s ,  s o l i d  s t a i n l e s s  s t e e l  t e s t  s e c t i o n s  of  t h e  
NACA 4412 h y d r o f o i l  w i t h  a c h o r d  l e n g t h  of  3 i n c h e s  were  s u p p l i e d  
t h e  l a b o r a t o r y  by t h e  David T a y l o r  Model B a s i n ,  The 4412 p r o f i l e  
i s  one of t h e  f o u r  d i g i t  s e r i e s  of  s h a p e s  of  t h e  N a t i o n a l  Adv i so ry  
Commit tee  f o r  A e r o n a u t i c s  d e s c r i b e d  i n  R e f e r e n c e s  ( 2 ) ,  ( 3 )  , ( 4 ) ,  
a n d  ( 5 )  I t  i s  a 4% cambered s e c t i o n  w i t h  a  12% t h i c k n e s s  r a t i o ,  
Dimensions of t h e  p r o f i l e  a r e  t a b u l a t e d  i n  Appendix C, F i g u r e s  1, 
2, and  3 a r e  p h o t o g r a p h s  of t h e  t e s t  u n i t s ,  
F o r  t h e s e  t e s t s  a  s p e c i a l  a r r a n g e m e n t  of  t h e  W a t e r  T u n n e l  
work ing  s e c t i o n  was u s e d  where  a 3 33 a s p e c t  r a t i o  h y d r o f o i l  t e s t  
u n i t  s p a n n e d  a  1 0 i ' g a p  be tween  p a r a l l e l  t u n n e l  w a l l s ,  T h i s  i n -  
s t a l l a t  i o n ,  w h i c h  g a v e  a p p r o x i m a t e l y  two  - d i m e n s i o n a l  f l o w ,  i s  
d e s c r i b e d  i n  Append ix  A ,  Two d i f f e r e n t  h y d r o f o i l  i n s t a l l a t i o n s  
were  u s e d ,  p e r m i t t  i n g  measurements  of t h e  hydrodynamic f o r c e s  and  
moments a c t i n g  on t h e  c o m p l e t e  10"l s p a n  o r  on o n l y  one  - h a l f  t h e  
s p a n ,  The Patter w a s  o b t a i n e d  by s p l i t t i n g  t h e  h y d r o f o i l  a t  t h e  
t u n n e l  c e n t e r  l i n e  a n d  s u p p o r t i n g  o n e  - h a l f  i n d e p e n d e n t l y  of t h e  
Figures in parentheses refer t o  references in Appendix D 
R ESTW l CTED 
t u n n e l  b a l a n c e  For  mensurements  a t  a n g l e s  of  a t t a c k  b o t h  h a l v e s  
were  r o t a t e d  t h r o u g h  t h e  same a n g l e  F i g u r e  2 shows t h e  t e s t  u n i t  
u s e d  f o r  t h e  f u l l  - s p a n  m e a s u r e m e n t s  a n d  F i g u r e  3 shows t h e  two  
s e m i s p a n s  u s e d  f o r  t h e  l a t t e r  m e a s u r e m e n t s ,  D e t a i l s  of t h e  two 
i n s t a l l a t i o n s  a r e  d e s c r i b e d  i n  Appendix A -  
Two t y p e s  of  e x p e r i m e n t s  were  made The  f i r s t  w a s  t h e  d e -  
t e r m i n a t i o n  of  t h e  hydrodynamic  l i f t  d r a g ,  a n d  p i t c h i n g  moment 
a s  f u n c t i o n s  of t h e  a n g l e  o f  a t t a c k  f o r  c a v i t a t i o n - f r e e  o p e r a t i o n  
a t  R e y n o l d s  numbers  of f r o m  2 8 7 , 0 0 0  t o  9 0 3 - 0 0 0 .  The  s e c o n d  w a s  
t h e  o b s e r v a t i o n  o f  i h e  i n c e p t  i o n  a n d  g r o w t h  o f  c a v i t a t i o n  a t  
d i f f e r e n t  a n g l e s  of a t t a c k  a s  f u n c t i o n s  of v e l o c i t y  and  p r e s s u r e ,  
T h e  e f f e c t  of c a v i t a t  i ,on on t h e  l i f t a n d  d r a g  was i n v e s t i g a t e d  
q u a l i t a t i v e l y  bu t  d e t a i l e d  i n v e s t i g a t i o n s  w e r e  p o s t p o n e d  b e c a u s e  
of  t h e  l i m i t e d  t i m e  a v a i l a b l e  f o r  t h e  t e s t s ,  
I N F I N I T E  A S P E C T  R A T I O  C H A R A C T E R l S T l C S  O F  T H E  N A C A  4412 H Y D R O F O I L  
--- 
Because  of  t h e  t w o - d i m e n s l o n a l  c h a r a c t e r  of t h e  Water  Tunne l  
t e s t  i n s t a l l a t i o n ,  t h e  m e a s u r e d  hydrodynamic  f o r c e s  a n d  moments 
a p p r o x i m a t e  t h e  c h a r a c l e r i s t i c s  of a  h y d r o f o i l  s e c t i o n  w i t h  i n -  
f  i n i i e  a s p e c t  r a t i o  l n f  i n i t e  a s p e c t  r a t  i u  c h a r a c t e z i s t .  i c s  d i f f e r  
f rom t h o s e  o b t a i n e d  by t e s t s  of a  f n n l t e  s p a n  a i r f o i l  o r  h y d r o f o i l  
b e c a u s e  of t h e  o c c u r r e n c e  f o r  t h e  f i n i t e  s p a n  of t h e  s o - c a l l e d  
* 
" l i n d u c e d " ~  e f f e c t e ,  T h e s e  e f f e c t s ,  which a r i s e  b e ~ a u s e  of t h e  
l a r g e  I'ileakage'jc o f  f l u i d  a t  t h e  " r p s  sf t h e  f o a l  f r o m  t h e  h i g h  
p r e s s u r e  b o t t o m  s u r f a c e  t o  low p r e s s u r e  Lop s u r f a c e ,  r e d u c e  t h e  
l i f t  and  i n c r e a s e  t h e  d r a g  a t  g i v e n  a n g l e s  of a t l a c k ,  The m a g n i -  
t u d e  of  che e f f e c t s  i s  d i f f e r e n t  f o r  c h a n g i n g  a s p e c t  r a t i o s ,  p l a n  
f o r m ,  and  t w i s t  of t h e  s e c t i o n ,  B e c a u s e  of t h e  a b s e n c e  of t h e e e  
s e c o n d a r y  i n f  l u e n c e s ,  i n f  1 n i i . e  a s p e c t  r a t i o  s e s u L t s  a r e  a l s o  
* * 
c a l l e d  " s e c t  i o n  c h a r a c t e r i s t i c s  , '  1 d e n o t  i n g  t h a t  t h e y  r e p r e s e n t  
t h e  b a s i c  b e h a v i o r  of t h e  f o i l ' s  p r o f i l e  s h a p e  i n d e p e n d e n t  of a s  - 
p e c t  r a t i o  o r  o t h e r  g e o m e t r i c a l  c o n f i g u r a t i o n s ,  D a t a  i n  t h i s  
f o r m  i s  p a r t i c u l a r l y  u s e f u l  t o  % h e  d e s i g n e r  of  w i n g s ,  p r o p e l l e r  
b l a d e s *  o r  o t h e r  l i f t  i n g  o r  pumping d e v n c e s  S e v e r a l  met h o d s  
h a v e  b e e n  d e v e l o p e d  f o r  c o n v e r t i n g  s e c t i o n  c h a r a c t e r i s t i c  d a t a  
i n t o  t h e  p e r f o r m a n c e  of  f i n n t e  s p a n  u n i t s  w l t h  e i t h e r  u n i f o r m  
o r  y a r y i , n g  s e c t i o n s  Some of  t h e s e  a r e  r e v i e w e d  i n  R e f e r e n c e s  
(71, (81, and  ( 9 )  - 
C H A R A C T E R l S T l C S  F R O M  W A T E R  T U N N E L  M E A S U R E M E N T S  
The h y d r o d y n a m i c  c h a r a c t e r i s t i c s  of t h e  44i2 h y d r o f o i l  a g  
m e a s u r e d  i n  t h e  High Speed  Wate r  T u n n e l  a r e  shown nn F i g u r e s  4 -  
5 ,  a n d  6 ,  T h e s e  d a t a  a r e  d e r i v e d  d i r e c t  Ly f rom t h e  Wafer  T u n n e l  
measu remen t s  w i t h o u t  c o r r e c t i a n s  of  a n y  kind, Definitions of t h e  
* 
F o r  a  d i s c u s s i o n  of i n d u c e d  e f f e c t s  o n  a i r f o i l s ,  s e e  R e f e r e n c e s  
( 6 )  a n d  (7) 
* * 
T h e  n o m e n c l a t u r e  a n d  s y m b o l s  u s e d  i n  t h i s  r e p o r t  a n d  d e f i n e d  i n  
A p p e n d i x  B f o l l o w  c l o s e l y  t h o s e  e m p l o y e d  i n  t h e  s e v e r a l  k o A c C . A ,  
r e p o r t s  r e f e r r e d  t o  t h r o u g h o u t  t h e  t e x t  
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t e r m s  a n d  symbo l s  u s e d  a r e  g i v e n  l n  Appendix  B F i g u r e s  4 a n d  5 
show Prf- l  and  d r a g  c o e f f  n c r e n t s  p ~ t c h l n g  moment c o e f f  l e r e n t  , and  
c e n t e r  of p r e s s u s e  r n  p e r  cen i  of t h e  a l r f o r l  c h o r d  a s  functions 
o f  t h e  a n g l e  of a t t a c k  F l g u r e  6 r s  a  d r a g r a m  showing  a n g l e  of 
a t t a c k  a n d  d r a g  a n d  p r t c h n n g  moment coefficients a s  f u n c t r o n s  of 
r h e  l r f h  c o e f f r c r e n t  F a u r  P e s t s  a r e  shown i n  e a c h  d r a g r a m  f o r  
t h e  Reynolds  number r a n g e  of 287 030 t o  903 000, These  b e s t s  were  
a l l  made w l t h  t h e  spYnl - s p a n  i n s - i a l ~ a t r o n  p e r m r t t  r ng  measurer ren t  
of t h e  f o r c e s  on o n l y  one - h a l f  t h e  t o t a l  s p a n  Data  c o u l d  not be  
t a k e n  u p  t o  t h e  maxlmJm l r f r  q i  a l l  t e s t  Reynoids  numbers b e c a u s e  
of t h e  excessive magnitude of t h e  f o r c e s  d e v e l o p e d  Only f o r  t h e  
t w o  l o w e r  R e y n o l d s  number s  was t h e  c o m p l e t e  b e h a v i o r  o b t a i n e d .  
Da ta  o b t a r n e d  w i ~ h  khe f u l l  . spun  s n s + a l . t u l l o n  were  I l m r t e d  t o  t h e  
l ower  R e y n o l d s  number r a n g e  a n d  s r n c e  t h e y  g a v e  s ~ m i L a r  r e s u l t s ,  
t h e y  w e r e  not. ~ n e L u d e d  I n  $ h e s e  d i a g r a m s  The m a g n ~ f u d e s  of t h e  
~ m p o r t a n t  c h a - s a c t e r i s l  1c6  f o r  bo i  ii. + h e  s e r n ~ s g a n  a n d  f u l l  . s p a n  
i n s t a l l a t i o n s  a r e  l r s t e d  f o r  e a c h  R e y n o ~ d s  number  i n  T a b l e  1 
The  c u r v e s  show c e r k a  in c o n s  ~ s j  e n 4  c h a n g e s  i n  p e r f  orrncince 
with R e y n o l d s  number Trte s ~ o p e  o f  i h e  l l f  t c u r v e  Lrl F i g u r e  4 
becomes s l e e p e r  wu "i~ i n c s e n s r n g  R and  i h e  muxlmum lift c o e f f  ~ c r e n t  
becomes l a r g e r  The a t t a c k  a n g l e  f o r  z e r o  i r f t  d e c r e a s e s  s l r g h t l y  
[ I n c r e a s e s  n e g a t l v e l y )  and  t h e  p r o f n l e  d r u g  t e n d s  t o  become s m a l l -  
e r  I n  F r g u r e  5 i he pl t chzng-momen t  c o e f f i c i e n t  1s r e f e r r e d  t o  
t h e  a e r o d y n a m i c  c e n t e r ,  a  p o i n t  ~ n  t h e  a z r f o x l .  a b o u t  w h i c h  t h e  
p r t c h ~ n g  moment r s  e s s e n t  n a ~ l y  r n d s p e n d e n f  of  a n g l e  of a t  l a c k  o r  
l r f r  f o r  ci w l d e  r a n g e  I n  t h ~ s  f r q u r e  t h e  moment coefficient 1s 
0 
n e a r l y  c o n s t a n t  u p  t o  a b o u t  5 a n d  w r i h ~ n  15% of  a  c o n s t a n t  
0 
v a l u e  u p  t o  8 F u r t h e r m o r e ,  a l l  r u n s  show n e a r l y  t h e  same m a g n b  
t u d e  f o r  c  
ma c 
The cen t  e ~  of p r e s s u s e  a l s o  shown on F r g u r e  5, 
i s  n e a r l y  rndependen t  of Reyno lds  namber The d e v l a t r o n s  f rom t h e  
mean c u r v e  o c c u r r i n g  n e a r  z e r o  a t t a c k  a n g l e  where  a c c u r a c y  rn c a l -  
c u l a t r n g  t h e  C P p o s ~ t r o n  l s  low 
T h e  same  n n f o s m a S r o n  ~s shown i n  ' t h e  d r a g s u m  of F l g u r e  6 
w h e r e  t h e  1 1 f i  c o e f f l c i e n r  c L  r s  c o n s i d e r e d  a s  t h e  Independent.  
v a r i a b i e  r n s i  e a d  of a. 0 
D E V I A T I O N S  F R O M  TRUE ONF'Nl3E A S P E C T  R A T 1 0  C H A R A C T E R P S i i C S  
The  o n l y  d e v l a t  lo r i s  of t h e s e  r e s u l t  s f r o m  r e a l .  i w o  -d imen  - 
s r o n a l  c h a r o e t  e r - ~ s  i IL'S w i l l  b e  c a u s e d  f  r r s S  by v a r l a i  ron  of v e  - 
l o c r t y  a l o n g  'r h e  s p u n  of : h e  h y d r o f o l i  f r o m  t h e  c e n t e r  of  t h e  
w o r k i n g  s e c t  Lon on l hrough  I he b o u n d a r y  l a y e r  i o  t h e  t u n n e l  w a l l +  
s e c o n d ,  by f l o w  i h r o u g h  t h e  c l e u r a r t c e  s p a c e s  be tween  t h e  e n d s  of 
t h e  f o i l  a n d  t h e  ' r u n n e l  w a l ~ . s  o s  b e t w e e n  t h e  two h u l v e s  of t h e  
s p l r t  . s p a n  i n s l  a ~ x a t  i o n 2  o n d  i h l  r d ,  by  ~ n t e r f e r e n ~ e  f-rom i h e  
t u n n e l  w a l l s  
D e v x a l l o n s  f r o m  a  u n ~ f o r m  v e l o c i t y  d r s i r i b u t ~ o n  w i l l  t e n d  t o  
make a l l  t h e  e o e f f : r ~ e n i s s  numc;lece%~y h ,gh  X-Iawever a s  bhown 111 
F'rgure A - 5  of  A p p e n d ~ x  A ?  t h e  hydi-of011 t e s t  u n i t  was l o c a t e d  r n  
' h c  mczasurrng s e c i  i o n  eibou? one  "diameler 1 downsi  ream f r o m  t h e  
RESTRBCTED 
RESTR l GTED 
f r n a i  c o n t r a c f l o n  o f  t h e  f l o w  W l t h  s o  s h o r t  a  d r s t a n c e  t h e  
bounda ry  l a y e r  g rowth  s h o u l d  be  s m a l l  C o n s e q u e n t l y ,  most of t h e  
h y d r o f  01 L s p a n  s h o u l d  experience t h e  f u l l  v e l o c r t  y  of t h e  c e n t r a l  
u n i f o r m  p o r t ~ o n  of t h e  v e l o c l t y  p r o f i l e ,  a n d  t h e  r e s u l t i n g  h y d r o -  
dynamrc f o r c e s  and  moments s h o u l d  be  r e a s o n a b l y  a c c u r a t e ,  
T h e  p r r n c r p a l  e f f e c t  of  l e a k a g e  f l o w  t h r o u g h  t h e  g a p s  
b e t w e e n  t h e  t u n n e l  w a l l s  a n d  t h e  h y d r o f o i l  a n d  b e t w e e n  t h e  e n d s  
o f  t h e  s p l l t  h y d r o f o r l  w r l L  b e  t o  r e d u c e  t h e  a c t u a l  a n g l e  o f  
a t t a c k  a t  t h e  h y d r o f o r l  f o r  h i g h  l r f t s  A l l  c l e a r a n c e  g a p s  w e r e  
h e l d  t o  a p p r o x i m a t e l y  0 0 0 5  s o  t h a t  t h e  resistance t o  f l o w  
t h r o u g h  them was  h r g h  At s m a l l  a n g l e s  of a t t a c k  t h e  i n f l u e n c e  
on t h e  measured  f o r c e s  and  mornents s h o u l d  be n e g l i g i b l e ,  However, 
a s  t h e  l r f t  i n c r e a s e s  e n o u g h  l ec lkage  f l o w  may o c c u r  t  o  r e d u c e  
t h e  maximum l r f t  c o e f f l c r e n t  a p p r e c r a b l y  T h l s  i s  a n  e r r o r  i n  
l i f t  and moment t h a t  would be r e d u c e d  by u s i n g  end  p l a t e s  s e t  i n t o  
t h e  t u n n e l  w a l l s  l n s t e a d  of c l e a r a n c ! e  g a p s  However ,  i t  i s  n o t  
f e l t  t o  be  as s a t i s f a c t o r y  a n  a r r angemen t  f o r  m e a s u r i n g  d r a g s .  I t  
s h o u l d  be  emphas i zed  t h a t  t h e  c l e a r a n c e  g a p  e f f e c t  1s i m p o r t a n t  s o  
'I h a t  g o o d  c o n t r o l  of i h e  g a p  i s  e s s e n t s a l  C h a n g i n g  t h e  g a p  
c l e a r a n c e  f r o m  0 0 2 3  " a  0 005" c a u s e s  a b o u t  a n  8% d e c r e a s e  i n  
d r a g ,  I f  i t  i s  a s s u m e d  t h a t  " r e  e r r o r  i n t r o d u c e d  by l e a k a g e  
t h r o u g h  t h e  c l e a r a n c e  g a p  1s p r o p o r t  % a n a l  t o  l.he Leakage (wh ich  i n  
t u r n  i s  p r o p e r t  i o n a l  t o  ? h e  g a p  f o r  laminar f l o w  t h r o u g h  s m a l l  
c l e a r a n c e s )  Phe maxrmum e r r o r  So  b e  e x p e c t e d  w ~ t h  8 W5" g a p  i s  
l e s s  t h a n  2 %  I t  s s  more  L ~ k e L y  t h a t  t h e  e r r o r  i n c r e a s e s  a? a 
g r e a t e r  r a t e  a s  t h e  gap r s  e n l a r g e d  s o  t h a t  t h e  e r r o r  a t  Q 4985" 
i s  e v e n  ~ e s s  C h a n g ~ n g  t h e  g a p  c l e a r a n c e  f r o m  0 , 0 2 3 ' "  it a  Q 005" 
causes abou t  u 4% increuee r n  I ~ f k ,  bu t  has no  a p p r e c i a b L e  e f f e c t  
t o  t h e  moment My t h e  r s a s o n a n g  j u s t  o u t l i n e d ,  t h e  o r r o r  i n  l i f t  
a t  0 4205' a s  a l s o  p r o b a b l y  n e g l r g s b l e  
T u n n e l  w a l l  s n t e r f e r e n c e  c h a n g e s  t h e  s t r e a m l i n e  p a t t e r n  
a r o u n d  t h e  h y d r o f o i l  f rom Z hut e x p e r a e n c e d  sn  a  f r e e  s t r e a m ,  The 
w a l l s  p a r a l l n i  t o  l h e  p s t e h ~ n g  axis a r e  I m p o r t a n t  f u r  ' rwo-d rmen-  
s l a n a i  f r a w  a n d  1 1  was w ~ l  h I h15 I n  mrnd t h a t  I he  maximum dimen - 
s r o n  n o r m a l  t o  I h e  h y d ~ o f o l l  axis was  h e l d  Co t h e  f u l l  14"b as  
shown r n  F i g u r e  A - 5  of Apperzdrx A W a l i  i n t e ~ f e r e n c e ,  r n c l u d i n g  
t h e  s o - c a l l e d  O b l o c k l n g  o r  a c t u a l  r e s t r r c t i o n  of  t h e  p a s s a g e  by 
t h e  t e s t  u n r t  i t s e l f ,  i s  n e g l i g r b l e  a t  Low l r f t  ( s m a l l  a n g l e s  of 
a t t a c k ) ,  A t  h r g h  l i f i  s i t  is much more i m p o r t a n l  a n d  s h o u l d  show 
g r e a t e s t  e f f e c t  a t  t h e  maxrmum l i f t  The a c t u a l  m a g n i t u d e  of  t h e  
w a l l  i n t  e r f e r e n c e  h a s  no t  been  e v a l r ~ a t  ed 
T o  s u m m a r r z e  r'c a p p e a r s  t h a t  t h e s e  t e s t s  g ~ v e  a c c u r a t e  
r e s u l t s  1n  t h e  low - l r i t  r a n g e  t h e  n o r m a l  r a n g e  of  a p p l l c a t  l o n  
f o r  h y d r o f o l i s  A t  h r g h  l r f t s  t h e  a c c u r a c y  1s l o w e r  b u t  g o o d  
comparat  l v e  r e s u l t s  a r e  st 111 o b t a i n a b l e  
T H E O R E T I C A L  C H A R A C l E R l S T l C S  
I t  i s  o f  l n t e r e s t  t o  compare  t h e s e  W a t e r  T u n n e l  m e a s u r e -  
men t s  w i t h  t h e  c h a r a e t e r i s t  i c s  t h a t  c a n  be  c a l c u l a t e d  f rom t h e o -  
o n s i d e r a t i o n  of a n  i n f i n l e e  s p a n  s e c t i o n  i n  a  n o n v i s c o u s  
S U C ~  a  t r e a t m e n t  g i v e s ,  f o r  s m a l l  a n g l e s  o i  a t t a c k ,  a  
l i f t  c o e f f i c i e n t  p r o p o r t i n n a l  t o  t h ~  a n g l e  o i  a t t a c k ,  a n  a t t a c k  
a n g l e  f o r  z e r o  l i f t  p r o p o r t i o n a l  t o  t h e  amount of c a m b e r ,  a n d  a 
moment c o e f  f  i e i e n t  c o n s t a n t  a b o u t  t h e  q u a r t e r  c h o r d  p o i n t .  T h e s e  
r e l a t i o n s h i p s  a r e ,  
L i f t  c o e f f i c i e n t  = c 
F + 0 7 7  $US&Y~ 
e hord  
Z e r o  l i f t  a n g l e  = al, 
= 2 .cam&sx , 57 3 
c h o r d  
S l o p e  of l i f t  c u r v e  = a0 
+ 77 %hi-c_%n~.ss 
c h o r d  
P i t c h i n g  moment c s e f  f i c i e n t  = c 
"a , c , ,  
1 $. 0, Q g iA&Ws_ 
c h o r d  
For  t h e  4412 h y d r o f o i l  t h e  n u m e r i c a l  v a l u e s  a r e  r 
(2 = o 4 2 0  ( ao  . ale) 
1 a 
0 
= -4  b0 
u, = 0 1 2 0  ( p e r  d e g r e e )  
S i n c e  f r i c t i o n l e s s  f l o w  i s  a s s u m e d ,  t h e  a b o v e  a r e  i n d e p e n d e n t  of 
R e y n o l d s  nuntber ,  A l s o  b e c a u s e  of t h e  z e r o  f r i c t i o n  a s s u m p t i o n ,  
t h i s  t r e a t m e n t  g i v e s  z e r o  d r a g  and g i v e s  no  i n f o r m a t i o n  a b o u t  t h e  
maximum P f f t  c o e f f i c i e n t  t o  be o b t a i n e d  Comparison i n  T a b l e  I of 
t h e  t h e o r e t i c u l  v a l u e s  w i t h  t h e  m e a s u r e d  v a l u e s  shows t h a t  t h e  
former  a r e  s l i g h t l y  h i g h e r  (numer i caYly l  i n  e a c h  c a s e ,  
C H A R A C T E R I S T I C S  FROM NACA W B H D  T U N N E L  MEASUREMENTS 
T h e  4 4 1 2  p r o f l l e  h a s  b e e n  t h o r o u g h l y  i e s t e d  ~ n  t h e  NACA 
V a r i a b l e  D e n s i t y  Wlnd Tunnel  and r t s  c h a r a c t e ~ l s t i c s  r e p o r t e d  In  a  
s e r i e s  of  t e c h n ~ c a l  r e p o ~ t s  (2) ( 3 )  ( 4 )  - ( 5 )  T h e s e  m e a s u r e  - 
m e n t s  w e r e  mude on f i n l t e  r e c t a n g u l a r  s p a n  s e c t l o n s  h a v l n g  a n  
RESTRICTED 
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W I T H  A S P E C T  R A T I O  = S ~ X "  
A t t a c k  Aerodynamic C e n t e r  
T e s t  Angle f o r  L i f t  Curve  Max. L i f t  Min. Drag P i t c h i n g  Ahead Above 
Reynolds  no  l i f t  Slope C o e f f i c i e n t  C o e f f i c i e n t  Moment of c / 4  Chord 
Number ( d e g )  a. ( p e r  degl c c  ( %  c )  ( %  c) 
'mox =do min mace- 
2 "Wrnd Tunnel  d a t a  were  t a k e n  f rom F igu re  7d Reference 5~ and c o r r e c t e d  by t h e  methods o u t l i n e d  on Pages 17 8 . 8  
GO and 18 of t h a t  r e f e - r ence  t o  g i v e  s o - c a l l e d  ' s e c o n d  a p p r o x i m a t i o n .  c h a r a c t e r i s t i c s ,  
2 
0 
: 
6s 
RESTRICTED 
- 1 2  - 
a s p e c t  r a t l o  of S I X ,  T h e s e  d a t a  w e r e  t h e n  c o r r e c t e d  f o r  i n d u c e d  
v e l o c r t y  e f f e c t s ,  f o r  Wlnd T u n n e l  w a l l  r n t e r f e r e n c p ,  a n d  f o r  s u p -  
p o r t  i n t e r f e r e n c e  e f f e c t s  t o  g e t  t h e  i n f r n r t  e a s p e c t  r a t i o  o r  
s e c t i o n  c h a r a c t e r i s t r c s ,  I n  F ' r g u r e s  7 a n d  8 ,  t w o  o f  t h e  W a t e r  
T u n n e l  t e s t s  a r e  c o n p a r e d  w i t h  t w o  o f  t h e  Wind T u n n e i  t e s t s  f o r  
c o m p a r a b l e  R e y n o l d s  numbers  The  Wrnd 'Tunne l  d a t a  a r e  l a k e n  f rom 
Reference [ 5 ) ,  a n d  r e p r e s e n t  a p p r o x i m a t e  s e c t i o n  c h a r a c t e r i s t i c s *  
a t  t h e  t e s t  R e y n o l d s  number  A l l  c o r r e c t r o n s  t o  r n f l n r t e  a s p e c t  
r u t l o  a r e  i n c l u d e d  e x c e p i  t h e  e f f e c t  of s u p p o r t  i n t e r f e r e n c e  on 
d r a g " )  a n d  i e r i a r n  s e c o n d a r y  e f f e c t s  o f  v a r i a f s o n s  i n  c i  a n d  cd 
0 
a l o r l g  t h e  f r n i t e  t e s t  s p a n  a t  h i g h  I Y  $1 s Thek  a r e  n o t c o r r e c t e d  
f o r  turbulence o r  s c a l e  e f f e c t s  a n d  s h o u l d  no4 b e  c o n f u s e d  w i t h  
f  l n u L  e h a r a c f  e r s s  bits p r e s e n t e d  Ins R e l e r e n c e s  ( 5 1  a n d  ( 6 )  w h i c h  
h a v e  b e e n  e x i  z a p o l u t e d  I o  f u l l  - s c a l e  a 1  r c r u f t  f ~ . i . g h l  R e y n o l d s  nujm - 
be7 s I n  T a b s e  11, Puge  1 1  'k h e  p r r n c i p u l  c h a r a c t e r l s t  i c s  f r o m  
Che Wrnd T u n n e l  t e s t s  f o r  t h e s e  ~ w o  R e y n o l d s  n u m b e r s  a n d  f o r  
s e v e r a l  o "  h e r s  a r e  l f s i  e d  f o r  e o m p a r r s m n  w ~ t h  t h e  W a t e r  T u n n e l  
v a l u e s  g i v e n  r n  T a b l e  I ,  B o t h  t h e  f i g u a e s  a n d  t a b u l a t i o n s  show 
some differences b e t w e e n  S h e  two s e t s  ox m e a s u r e m e n t s  The a n g l e s  
f o r  z e n o  l r i l  a r e  c o m p a r a b d e  w h ~ l e  + h e  mlnimum d r u g  c o e f f i c i e n t ,  
I h e  s l o p e  o f  s h e  2 r f  t curve? a n d  !be moment c o e f  f ~ c l e n t  a r e  a l l  
a b o u t  10% l o w e r  ~ n  ? & h e  c a s e  o f  Wind Tunne.1 m e a s u r e m e n t s  T h e  
L a t t e r  f w o  r e p r e s e n t  a  m o i e  marked  d e v i a t i o n  f r o m  t h e  t h e o r e t i c a l  
v a l u e s  t h a n  shown by  I he  W a i e r  T u n n e l  c h a r a c t e r  1 s t  l c s  T h e  Wind 
T u n n e l  msnlmum d r a g  c o e f  f l c r e n t s  a r e  c o m p a r a b l e  uk t h e  h i g h e r  
R e y n o l d s  n u m b e r  b u t  d i f f e r  c o n e r d e s a b l y  a t  t h e  l o w e r  R v a l u e s .  
The  max:mum l i f t  c o e f f  i c l e n t '  i s  h r g h e r  f o r  "re W a t e s  T u n n e l  t e s t s ,  
If r s  s e e n  t h a t  Lhe W a t e r  T u n n e l  r e ' s u l t  s a r e  a s  g o o d  o r  
b e l t e r  I h ~ n  i h e  e b r s e s p o n d l n g  Wrnd T u n n e l  d a t a  F u r t h e r m o r e ,  t h e y  
a r e  o b t a r n e d  d i r e c t l y  f rom t u n n e l  m e a s u r e m e n t s  w ~ t h o u t  c o r r e c t i o n s  
o f  a n y  k i n d  w h e r e a s  t h e  S r n i t e  s p a n  t e s t s  must  b e  f r e a t e d  e l a b  - 
o r a t e l y  t o  ob i  u l n  a p p r o x l m a l  e  ~ n f  i n r t e  a s p e c t  r a t  l o  c h a r a c t e r l s  - 
4 1 c 5  Even  a t  i a r g e  a t  back a n g l e s  whei  e  t h t !  Wui e r  T u n n e l  d a t a  
may b ~  i n  e r r o r  he r e s u l ' s  a r e  a s  sa l i s f a e l  o r y  ub i h o s e  f r o m  'i h e  
o t h e r  t y p e  of t e s l b  
T h e  d a t a  p % o . t t e &  i n  F i g u r e s  7 a n d  8 a r e  t a k e n .  f r o m  R e f e r e n c e  ( 4 ) 9  
P i g i x r e  T~ a n d  c o r r e c t e d  b y  t h e  r e t h o d s  o u L l J i n e d  on P a g e s  r7 a n d  
18 o f  t h a t  r e f e r e n c e  Lo g i v e  Lha s o - c a l l e d  ~ s e c o n c l  a p p r o x i m a t i o n w  
c h a r a c t e r i s t i c s ,  
W ESTR B G%%D 
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R E Y N O L D S  N U M B E R  A N D  T U R B U L E N C E  E F F E C T S  FOR T E S T S  A N D  A P P L l C A T i O N S  
The r a n g e  of R e y n o l d s  numbers  c o v e r e d  by t h e  W a t e r  T u n n e l  
t e s t s  i n c l u d e s  t h e  v a l u e s  c h a r a c i e r z s C i c  of muny h y d r o f o i l  a p p l i -  
c a t i o n s ,  Fo r  v e r y  l a r g e  p r o p e l l e r s  R w i l l  exceed  1,000,000 b u t  
f o r  many pump, t u r b i n e ,  a n d  s m a l l  p r o p e l l e r  a p p l i c a t i o n s ,  R is  
l e s s  t h a n  t h a t  f i g u r e ,  Fo r  a p p l l c a t  i o n  o u t s i d e  6 he  r a n g e  of t he  
t e s t s  t h e  d a t a  must  b e  e x t r a p o l a t e d  a n d  c o r r e c t e d ,  F o r  t e s t  
R e y n o l d s  n u m b e r s  u p  t o  a b o u t  3 000 000, Wind T u n n e l  m e a s u r e .  
merits ( 4 1  h a v e  z n d i c a t e d  tha t .  t h e  l i f t  c u r v e  s l o p e  i n c r e a s e s  o n l y  
one o r  two p e r  c e n t b e y o n c l  ~ t s  v a l u e  a t  R = 1,000,COOC The a n g l e  
f o r  z e r o  l i f t  a n d  t h e  p s i c h l n g  moment c o e f f i c i e n t  a r e  a l s o  a f  - 
f e c t e d  o n l y  s l i g h t l y  However, f he  maximum l n f t  c o e f f i c i e n t  i n .  
c r e a s e s  10% t o  2 8 %  and  t h e  p r o f i l e  d r a g  coefficient d e c r e a s e s  a t  
app rox imaPeEy  t h e  same r a t e  as i h e  i u-cbulent  s k n n  f r i c t i o n  d r a g  
on f l a t  p l a t e s  By j u d i c z a u s  a p p l i c a t n o n  of s u c h  r u l e s  t h e  u s e -  
f u l  r a n g e  of t h e s e  r e s u l t s  c a n  be e x t e n d e d  a p p r e c i a b l y ,  
A c t u a l l y ,  t h e  pe r fo rmance  measured  i n  t h e  t u n n e l  w i l l  d i f f e r  
f r o m  f r e e  . s t  r eam b e h a v r o r  b e c a u s e  o f  d i f f e r e n c e s  i n  t u r b u l e n c e  
H i g h  t u r b u l e n c e  zn t h e  i u n n e l  w o r k ~ n g  s e c t i o n  w i l l  c a u s e  h i g h  
maximum l i f t  c o e f f i c i e n t s  a n d  w i l l  r n f l u e n c e  t h e  b o u n d a r y  l a y e r  
t r a n s i t i o n  on t h e  h y d r o f o i l  a n d  h e n c e  c d  T h e r e  a r e  m e t h o d s  
0 
p r o p o s e d  f o r  eompensat  i n g  f a r  t u n n e l  t u r b u l e n c e  ( * )  (') by a s sum-  
i n g  t h e  r e s u l t s  a p p l y  a t  h i g h e r  t h a n  t e s t  R e y n ~ l d s  n u m b e r s ,  b u t  
t h e s e  p r o c e d u r e s  a r e  of  q a e s t i o n a b l e  a c c u r a c y  f o r  a l l  but  cy 
m a  x  
c o r r e c t  i o n s  and were  not  a p p l i e d  t o  t h e  Water  Tunnel  d a t a  
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I V .  CAV i T A T  O N  CHARACTER ! S T  i C S  
The  c o n t i n u i t y  of t h e  b e h a v i o r  of  a i r f o i l s  when u s e d  i n  
t h e  n o r m a l  r a n g e  of v e l o c i t i e s  b e l o w  t h e  s o n i c  i s  l i m i t e d  by  
' k e p a r a t i o n "  of t h e  f l o w  f o r  Large a n g l e s  of a t t a c k ,  For  t h e  same 
s h a p e  u s e d  a s  a  h y d r o f o i l  i n  a  l i q u i d  i n s t e a d  of a g a s  t h e  con-  
t i n u i t y  i n  b e h a v i o r  can  be i n t e r r u p t e d  by c a v i t a t i o n  as w e l l  a s  by 
s e p a r a t i o n ,  C a v i t a t i o n  o c c u r s  when, b e c a u s e  of f l o w  a c c e l e r a t i o n s  
c a u s e d  by t h e  c u r v a t u r e s  of t h e  hydrofoil, t h e  l o c a l  p r e s s u r e  a t  
a n y  p o i n t  on t h e  h y d r o f o i l  i s  r educed  t o  t h e  vapor  p r e s s u r e  of t h e  
l i q u i d ,  T h i s  r e s u l t s  nn l o c a l  b o i l i n g  and v a p o r  b u b b l e  f o r m a t i o n ,  
T h e s e  b u b b l e s  c o l l a p s e  a s  t h e y  a t e  s w e p t  i n t o  h i g h e r  p r e s s u r e  
z o n e s ,  A s  t h e  f l o w  v e l o c i t y  is  i n c r e a s e d  o r  as t h e  g e n e r a l  p r e s -  
s u r e  l e v e l  i s  r educed  t h e  e x t e n t  of t h e  low p r e s s u r e  zone  i s  e n -  
l a r g e d  a n d  t h e  volume o c c u p l e d  by c a v i t a t i o n  b u b b l e s  i n c r e a s e s ,  
The i n t e r e s t  r n  e a v i t a t i o n  l i e s  i n  t h e  f a c t  f i r s t ,  t h a t  when 
i t  b e g i n s  t h e  ~ i f t  on t h e  h y d r o f o i l  ( o r  t h r u s t  f o r  p r o p e l l e r s )  
d r o p s  o f f  s h a r p l y  and  t h e  d r a g  s i r n u l t a n e o u s I y  i n c r e a s e s ,  Second,  
p r o l o n g e d  c a v i t a t i o n  c a u s e s  p h y ~ i c a P  damage  t o  t h e  h y d r o f o i l  
b l a d e  i t s e l f  Cav1ta.E i o n  e r o s i o n  of p r o p e l l e r s  and  t u r b i n e  impel-  
l e r s  a r e  two o u l s t a n d ~ n g  examples  of t h i s  l a t t e r ,  
THE C A V  I T A T  ! O N  P A R A M E T E R  a K 
The l n f i u e n c e  of p r e s s u r e  a n d  v e l o c i t y  on t h e  i n c e p t i o n  and 
development  of c a v i t a t  i o n  is r e p r e s e n t e d  c o n v e n i e n t l y  by a  parame.. 
t e r  d e f i n e d  a s  
where  
pL = a b s o l u t e  p r e s s u r e  I n  t h e  undisturbed f l o w  i n  pounds p e r  
s q u a r e  f o o t  
Pb = a b s o l u t e  p r e s s u r e  i n  t h e  c a v i t a t i o n  b u b b l e ,  t a k e n  as t h e  
v a p o r  p r e s s u r e  of t h e  f l u i d  i n  t h e s e  t e s t s  i n  pounds p e r  
s q u a r e  foot  
p = d e n s n t y  of f l u i d  i n  s l u g s  p e r  c u b i c  f o o t  
V = v e l o c i t y  i n  f e e t  p e r  s econd  
PL . -  Pb i s  a  measure  of t h e  marg in  of p r e s s u r e  above  t h a t  a t  which 
2 
l o c a l  b o i l i n g  and  hence  e a v i t a t i o n  c a n  o c c u r ,  p is  a  m e a s u r e  
2 
RESTRICTED 
RESTRICTED 
o f  t h e  p o s s i b l e  l o c a l  p r e s s u r e  r e d u c i l o n  c a u s e d  by l o c a l  f l o w  
a c c e l e s a t l o n s  on t h e  body Thus e i t h e r  a  d e c r e a s e  I n  PL o r  a n  i n -  
c r e a s e  i n  V w n E l  p r o d u c e  a t e n d e n c y  i o  c a v l t a t e ,  K v ~ i l i  h a v e  a  
c e r t a i n  c r l t l c a l  v a l u e  a t  t h e  i n c e p t  I o n  of c a v r l a t l o n  on a n y  body 
s o  t h a t  f o r  a  given v e l o c l ~ y  a n d  c r i b l c a l  K ,  PL 1 s  t h e  p r e s s u r e  
a t  w h l c h  c a v l t a t  on f i r s f  o c c u r s  Or l o r  a  g i v e n  p r e s s u r e  d l f  - 
f e r e n c e  PL - Pb V 1s t h e  v e i o c l t y  a t  w h l c h  c a v l t a t  l o n  b e g l n s  
E a c h  a d v a n c e d  s t a g e  of e u v ~ i a t l o n  i s  described by s u c c e s s l ~ e l y  
l o w e r  v a l u e s  of  K a n d  t h e  d e g r e e  a n d  g e n e r a l  a p p e a r a n c e  of t h e  
cavitation c a n  b e  r e p r o d u c e d  by a d j u s t i n g  p r e s s u r e  a n d  v e l o c l t y  
t o  g i v e  t h e  d e s l r e d  K, 
C A V I T A T I O N  P H O T O G R A P H S  
Under  s u l t  a b  l e  t e s i  c o n d l t  z o n s  t h e  ~ n c e p t  1 on a n d  d e v e l o p  . 
ment of  c a v l t a t l o n  c a n  be o b s e r v e d  a n d  p h o t o g r a p h e d  Frgu-res  10 
t o  5 0  l n c l u s l v e  make u p  a  phot o g r a p h l c  8 i u d y  of t h e  c a v l t a t  r on  on 
t h e  NACA 4 4 1 2  h y d r o f o ~ l  T h e s e  f l a s h  p h o t o g s a p h s  of a b o u t  2 0  
microseconds e x p o s u r e  w e r e  o b i a i n e d  a t  c o n s t a n t  w a t e r  s p e e d  a n d  
v a r i a b l e  p r e s s u r e  by t h e  t e s t  m e t h o d s  d e s c r i b e d  i n  A p p e n d i x  A 
They  i n c l u d e  t h e  d e v e l o p m e n t  of c a v i t a t i o n  on one  o r  b o t h  f a c e s  
o f  t h e  h y d r o f o i l  f o r  a t t a c k  a n g l e s  r a n g i n g  r rom -4' t o  +12O The 
p h o t o g r a p h s  a r e  g r o u p e d  acco - rd rng  t o  a n g l e  of a t  t a c k ,  e a c h  g r o u p  
a r r a n g e d  t o  show t h e  d e v e l o p m e n t  of e a v i i a t  l o n  a s  t h e  p r e s s u r e  
a n d *  h e n c e  t h e  c a v a t a t  ron  parurnet e r  F i s  r educed  F r g u r e  9 1s 
a  d i ag ram t h a t  w i l i  b e  u s e f u l .  i n  d i s c u s s s n g  t h e  s r y n i f l c u n c e  o f  
t h e  p i c t u ~ 8 6  I t  1 s  a  g r a p h  of  I h e  c a v i l  a t  r o n  p a r a m e t e r  K ,  
p l o t  t e d  against " e h e  angle o f  u"i ack d o  A cu rve  marks  l he n n - 
c e p t ~ a n  o f  c a v x t a t a o n  on  t h e  u p p e r  a n d  t h e  l o w e r  su:-fclce o f  * h e  
h y d r a f a i l  I n  t h c a r e u a b o v e  l h ~ r a  curve  t h e r e  as n u  c a v ~ i c r ' f r o n  
w h i b e  e v e r y w h e r e  bebow I h e  c u r v e  cayitat L o n  a x a s l s  r n  v u s y j n g  
d o g r e e a ,  ~ x t c ~ e a s ~ n g  w ~ t h  t h e  r e d u c l  % o n  of K beJew t h e  i n c ~ p i e n t  
v a l u e  T h e  number s  o f  /O t a SO a p p e u r r n g  on i he d ~ c r g r a m  r e f e r  
.i a figures In ?he  r e p o r t  and  1 he  i : u o r d ~ n a l  eb a f  I he porn2 s marked 
by  i he nurnkors indacai a i he c ~ l  t a c k  a n g l e  and K v a l u e  a?  w221ch each 
p i c t u r e  was Z a k e n  Thus 1 h e  r o l a t  i o n s h l p  bet  we<*n ~ : o n d r t  r u n s  f o r  
r n c e p t ~ o n  o f  c a v ~ ' l a . i  non a n d  t h e  cund. i " r  o n s  f o r  e a c h  f L g u r e  i s  
shown g r a p h l c a L l y  
A N G L E  OF A T T A C K  A N D  C A W T A T I O N  I N C E P T I O N  
X i .  w r l l  be  no'ied i n  F i g u r e  9  . ' h a?  for '  b o t h  l a r g e  positive and  
l a r g e  n e g a t  l v e  a n g l e s  of a t t a c k  c a v r l  a t  r o n  o c c u r s  e a r l y  + h a +  
i s ,  a t  h i g h  p r e s s u r e s  o r  low v e l o c ~ l l e s  a n d  hence  h l g h  K v a l u e s ,  
At a n g l e s  n e a r  z e l  o  , c u v i t a ?  on 1s d e l a y e d  I he  minnmum c r  l t  l c a l  K 
f a l l i n g  as. about  0 66 a t  a. " .i1 64' Thus F r g u r e  38 shows c a v i  - 
t a t i o n  s o o n  a f t e r  ~ n c e p t ~ o n  a i  K = 1 8 f o r  a. " +8O whli.6~ F z g u r e  
1 9  shows  :he ' t , 2 c ? . _ c i c  ncj- u i  r a v , : c ~ ,  a K Q 57 f o r  a. - 0 
T h l s  1s c a u s e d  by t h e  f a c t  i h a t  wr i  h I n c r e a s i n g  a t t a c k  u n g l e  t h e  
i e a d i n g  e d g e  of t h e  h y d r o f o l l  w h e r e  t h e  p r o f l l e  c u r v a t u r e  i s  
l a r g e  i s  t u r n e d  a t  a n  a n g l e  f o  + he f l o w  a n d  1 he w a t e r  must  c u r v e  
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s h a r p l y  t o  f o l l o w  i t ,  C o n s e q u e n t l y ,  t h e  l o c a l  a c c e l e r a t i o n  of t h e  
f l u i d  i s  l a r g e  and  t h e  v a p o r  p r e s s u r e  i s  r e a c h e d  l o c a l l y  e v e n  w i t h  
h i g h  s t a t i c  p r e s s u r e  i n  t h e  main f l o w ,  I n  b o t h  F i g u r e s  38 and  1 9  
c a v i t a t i o n  i s  o c c u r r i n g  f i r s t  on t h e  t o p  s u r f a c e  b f  t h e  h y d r o f o i l  
b e c a u s e  i t  i s  t h e  low p r e s s u r e  s i d e  f o r  t h o s e  a t t a c k  a n g l e s .  At 
n e g a t i v e  a n g l e s  beyond -1 4O, however,  t h e  h i g h e r  p r e s s u r e  i s  ob- 
t a i n e d  ct t h e  t o p  a n d  c a v i t a t i o n  o c c u r s  f i r s t  on t h e  l o w e r  s u r -  
f a c e ,  Thus i n  F i g u r e  10, f o r  a = -4O, t h e  b e g i n n i n g  of c a v i t a t i o n  
i s  shown n e a r  t h e  l e a d i n g  edge  of t h e  lower  s i d e  i f  t h e  h y d r o f o i l .  
At h i g h  a n g l e s  of  a t t a c k  c a v i t a t i o n  o c c u r s  o n l y  on one  s u r - -  
f a c e  of t h e  h y d r o f o i l .  T h e r e  i s  a  s u f f i c i e n t  d y n a m i c  p r e s s u r e  
i n c r e a s e  on t h e  s u r f a c e  p i . tched  i n t o  t h e  s t r e a m  t o  s u p p r e s s  c a v i -  
t a t i o n  c o m p l e t e l y *  F i g u r e s  4 3  t o  5 0  show t h a t  f o r  a. = 12' n o  
c a v i t a t i o n  i s  o b t a i n e d  on t h e  lower  s u r f a c e  of t h e  h y d r o f o i l  e v e n  
t h o u g h  K i s  r e d u c e d  t o  0 5 w h i l e  on t h e  u p p e r  s u r f a c e  c a v i t a t i o n  
i s  w e l l  e s t a b l i s h e d  a t  K = 2  9 4 ,  Fo r  a n g l e s  n e a r  z e r o ,  c a v i t a t i o n  
o c c u r s  f i r s t  on t h e  u p p e r  o r  low p r e s s u r e  s u r f a c e  a n d  t h e n  a l s o  
o c c u r s  on t h e  h i g h  p r e s s u r e  s u r f a c e  a s  K is r e d u c e d ,  F o r  example ,  
a t  a = +3', t h e  l owes t  p r e s s u r e  o c c u r s  on t h e  t o p  of  t h e  h y d r o f o i l  
a n d  F i g u r e  27 shows w e i i  d e v e l o p e d  c a v i t a t i o n  t h e r e  w i t h  K = 0 2 4 .  
By c o n t r a s t ,  F i g u r e  24 shows t h e  b o t t d m  s u r f a c e  a t  K = 0 , 2 6  w i t h  
c a v i t a t i o n  i n  a n  e a r l y  s t a g e ,  T h i s  i s  a l s o  i l l u s t r a t e d  by F i g u r e  
1 5 ,  a  p h o t o g r a p h  o f  t h e  l o w e r  s u r f a c e  a t  = 0' a n d  K = 0.137. 
T h e r e  t h e  b e g i n n i n g  of c a v i t a t i o n  on t h e  l ower  s i d e  is  s e e n  w i t h  
t r a i l i n g  w i s p s  of t h e  more f u l l y  d e v e l o p e d  c a v i t a t i o n  on t h e  t o p  
a p p e a r i n g  a t  t h e  l e f t ,  
C A V I T A T I O N  B U B B L E  G R O W T H  
A  c e r t a i n  s i m i l a r i t y  e x i s t s  f o r  e a c h  s e q u e n c e  of p h o t o g r a p h s  
f o r  o n e  a n g l e  o f  a t t a c k ,  C a v i t a t i o n  b e g i n s  on t h e  f o r w a r d  p a r t  
o f  t h e  h y d r o f o i l  a s  a  n a r r o w  z o n e  of  s m a l l  . b u b b l e s -  The b u b b l e s  
a r e  i n d i v i d u a l l y  d i s t i n g u i s h a b l e  i n  some c a s e s  b u t  c o a l e s c e  t o  
f o r m  m t s u d s y "  z o n e s  i n  o t h e r s  The l i m i t s  of t h e  z o n e  of b u b b l e s  
i s  a  r o u g h  m e a s u r e  of t h e  e x t e n t  o f  t h e  low p r e s s u r e  a r e a  on t h e  
h y d r o f o i l  s u r f a c e  A s  t h e  p r e s s u r e  i s  r e d u c e d  t h e  low p r e s s u r e  
a r e a  i s  b r o a d e n e d  a n d  t h e  v a p o r  b u b b l e s  a r e  s w e p t  f a r t h e r  back  
b e f o r e  c o l i a p s i n g ,  u n t i l  t h e y  fo rm a  s h e e t  h i d i n g  t h e  h y d r o f o i l  
a n d  e x t e n d i n g  downs t r eam more t h a n  6 o r  8 c h o r d  l e n g t h s  c o m p l e t e -  
l y ,  pas.t t h e  l i m i t s  of t h e  w o r k i n g  s e c t  i o n  windows ,  ( S e e  Figures 
23, 29, 34, e t c , )  For  a n y  g i v e n  p r e s s u r e  and  v e l o c i t y  t h e  c a v i t a -  
t i o n  b u b b l e  grows u n t i l  t h e  r a t e  of v a p o r  e n t r a i n m e n t  by t h e  w a t e r  
b a l a n c e s  t h e  r a t e  of v a p o r  f o r m a t i o n  w i t h i n  t h e  b u b b l e ,  Thus t h e  
m a g n i t u d e  of  t h e  c a v i t a t i o n  zone  i n  e a c h  of t h e  p h o t o g r a p h s  r e p -  
r e s e n t s  a  " s t e a d y  s t a t e v *  c o n d i t i o n  f o r  t h e  g i v e n  v a l u e  o f  K, 
A s  F i g u r e s  10 t o  1 7  s h o w ,  t h e  f i n e  g r a i n  ' ' s u d s y ' ' ~  t y p e  of  
b u b b l e s  a r e  o b t a i n e d  w h e r e  t h e  minimum p r e s s u r e  i s  c a u s e d  by a  
s h a r p  c u r v a t u r e  s u c h  a s  o c c u r s  a t  t h e  l e a d i n g  e d g e  o f  t h e  l o w e r  
h y d r o f o i l  s u ~ f a c e  F i g u r e s  1 9  t o  2 3 ,  on t h e  o t h e r  h a n d ,  show t h e  
f o r m a t  i o n  of t r a n s p a r e n t  r e l a t  i v e l y  l a r g e  i n d i v i d u a l  b u b b l e s  on 
t h e  u p p e r  s u r f  a c e  H e r e  t h e  minimum p r e s s u r e  i s  o b t a i n e d  w h e r e  
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t h e  p r o f i l e  h a s  a m o r e  g e n t l e  r u t - v a t u r e  A s  t h e  h y d r o f o i l  1s 
g i v e l ,  l a r g e r  a n g l e s  of a t t a c k  ( F i g u r e s  46 t o  5 0  a t  ol = - 4 ~ 2 ~ ,  t h  e  
minimum p r e s s u r e  p o i n t  moves f a r w a r d  Lo a  p l a c e  where  t h e  c u r v a -  
t u r e  of  t h e  upper  s u r f a c e  r s  s h a r p e r  a n d  t h e  s u d s y  ~ u b b l e s  a r e  
a g a i n  o b t a i n e d  
Unde r  some c o n d i t i o n s  t h e  f o r w a r d  p o r t  i o n  of t h e  l a r g e  e n -  
v e l o p i n g  b u b b l e  f o r  f u l l y  d e v e l o p e d  i : a v i t a t i o n  i s  t ~ a n s p a r e n t ,  
T h a t  i s -  t h e  i n t e r f a c e  be tween  t h e  c a v i t a t l n g  z o n e  and  t h e  s u r -  
r o u n d i n g  w a t e r  i s  a  s m o o i h  s u r f a c e  f r e e  of  d i s t u r b a n c e s  An 
example  of t h i s  1 s  shown en F r g u r e  1 4  where  t h e  h y d r o f o i l  i t s e l f  
a n d  t h e  d i s t u r b a n c e  f r o m  c a v i t a t i o n  on t h e  o p p o s i t e  f a c e  of  t h e  
h y d r o f o i l  a r e  c l e a r l y  v i u ~ b l e  t h r o u g h  Che b u b b l e  e n v e l o p i n g  I h e  
n e a r  s u r f u c e ,  T h e  s m o o t h  i n t e r f a c e  i s  a n  i n d i c a t i o n  t h a t  v e r y  
l i t t l e  v a p o r i z a t i o n  i s  o c e u i r ~ n g  I h r o u g h  t h a t  s u s f a c e  Most o f  
t h e  v a p o r  1 h a t  i s  b e l n g  s u p p i l e d  t o  t h e  b u b b l e  comes  f r o m  t h e  
t u r b u l e n t  b o i l i n g  z o n e  n e a r  t h e  downs+iecim end  of t h e  e n v e l o p e  
F i g u r e  23 show8 how t h e  b u b b l e s  t e n d  t o  c o c " l e 8 c e  u s  t h e  p r r s s u ~ e  
i s  s e d u c e d  Po f o r m  t h e  s x n g l e  P n r g e  I sansgclrr2nt e n v e l o p e  T h e  
t r a n s p a r e n c y  c a n n o t  a r w a y f j  h e  r s p r o d a c e d  b u i  rather s e e m s  t o  
o c c u r  r andomly  u n l e s s  some e x i e r n a l  d s s + u r b a n c 5 e  suc:h a s  a  piece 
of t r a s h  h a n g ~ n g  "i o  t h e  f o ! ~ .  o r  a n l c k  la s i s  o u r k a c e  1s i n J r o .  
d u c e d  t o  a c c e l e r a t e  t h e  format  ron  I ' i g u r e  1 6  shows t h e  e f  f o c t  of 
sn~a i l  d i s t u r b a n c e s  a i  i he l e a d i n g  e d g e  i n  f o r m i n g  l o n g  e x t e n d e d  
b u b b l e s ,  S u c h  d i s 4 u z . b a r l c e s  a ~ b o  c a u s e  c a v ~ l a i i o n  t o  o c c u r  a t  
h i g h e r  p r e s s u r e s  ( o r  l o w e r  v e l o c ~ t r e s )  t h a n  w o u l d  t h e  h y d r o f o i l  
a l o n e  r i gus re  26 shows two s u c h  bubblei i  l h a t  ax-e c a u s e d  by s m a l l  
p i e c e s  of t o b a c c o  c : i i ng ing  t o  i h s  l e a d i n g  edgr;. 
Note  t h a l  She ~ n d r v i d u u l  b u b b l e s  grow f r o m  t h e  t ime of t h e i r  
format  Lon u n i i i  t h e y  c o l l c p s e  I n  P i g u s e  2 2  meauuremonfs  of  t h e  
a v e r a g e  b u b b l e  s ~ z e  showed t h a t  i t s  g rowth  was r a p i d  f o r  t h e  f i r s t  
q u a r b r  c h o r d  l e n g t h  of  I. r a v e l  a t b a l n L n g  60 t o  7 5  p e r  c e n t  o f  
wha t  a p p e a r s  ho be t h e  f r n u ~  d i a m e t e r  Beyond t h r s  t h e  b u b b l e s  
g r o w  more s l o w l y  rari 'si .~ t h e y  s n t e ,  f e r e  w l r h  { h e i r  n e i g h b o r s  a n d  
f i n a i i y  a r e  e n f r a r n e d  a n d  e o i l a p s o  The ~ n + e r i o r  o f  t h e  c a v i t a -  
t i o n  b u b b l e  e s  a t  t h e  v a p o r  p i e s ~ u r e  o f  t h e  w a t e r  a n d  i s  m a i n .  
t u r n e d  a t  t h i s  p r e s s u r e  b y  t h e  p u m p r n g d  a c t i o n  o f  t h e  w a j e r ,  
The g rowth  of t h e  b u b b l e s  i s  p r o b a b l y  e v i d e n c e  of c o n f i n u a l  v a p o r -  
i z a t i o n  i n t o  e a c h  b u b b l e  c a v r t y  u n t ~ l  t h e  b u b b l e  i t s e l f  i s  swep t  
i n t o  a  h i g h e r  p r e s s u r e  zone  
C R I T I C A L  K C O M P A R E D  W TH P R E D i C T I O N S  FROM 
W l N Q  TUWNFL  PRESSURF D lSlR 'BLLI 1 ON D A T A  
F r g u r e  5 3  i s  a n o t h e r  d ~ a g s a r n  s h o w ~ n g  v a ~ u e s  of t h e  c a v i t a t i o n  
pa1ame"k.r K For l n c l p l e n t  c a v ~ P a + i o n  v s  t h e  a n g l e  of a t t a c k  ole 
T h i s  d i a g r a m  c o v e r s  a  much w l d e r  r a n g e  o i  a n g l e s  t h a n  F i g u r e  9 and  
i n c l u d e s  L R  addr-on  a c u r v e  p r e d a c ,  ed f rom Wind Tunnel  measure  - 
m e n t s  of ' [he p r e s s u r e  d s s " s i b u 4 i o n s  on + h e  4412 p r o f i l e  1 3 '  The  
p red rc :  e d  c u r v a  r s  ob-i u l n e a  by s a b f  iac ' t  l n g  he  mrnimum p r e s s u r e  on 
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t h e  a i r f o i l  s u r f a c e  f r o m  t h e  p r e s s u r e  i n  t h e  u n d i s t u r b e d  f l o w  a n d  
d i v i d i n g  by t h e  dynamic head :  t h u s  
where  
PL = p r e s s u r e  i n  t h e  u n d i s t u r b e d  f l o w  i n  pounds  p e r  s q u a r e  
f  oat 
Pmin= l o w ~ s t  p r e s s u r e  on  t h e  hydrofoil s u r f a c e  i n  p o u n d  s 
p e r  s q u a r e  f o o t  
p = d e n s i t y  of t h e  f l u i d  i n  s l u g s  p e r  c u b i c  f o o t  
V = v e l o c i t y  i n  f e e t  p e r  s econd  
T h i s  i s  i d e n t  i c a i  ~ n  f o r m  with t h e  c a v i t a t  i o n  p a r a m e t e r ,  K, s o  
t h a t  f o r  a n y  v e l o c i t y  i f  Pmln i s  t a k e n  a s  t h e  v a p o r  p r e s s u r e  of  
w a t e r ,  a n d  PL as  t h e  p r e s s u r e  In  She  u n d i s t u r b e d  f l o w  when c a v i -  
t a t i o n  f i r s t  a p p e a r s ,  t h e  r a t l o  h a s  t h e  same v a l u e  as c r i t i c a l  K. 
The a g r e e m e n t  b e t w e e n  t h e  W a t e r  T u n n e l  c u r v e  a n d  t h e  p r e -  
d i c t e d  c u r v e  i s  good f o r  a n g l e s  of a t t a c k  w i t h i n  t h e  normal  u s e f u l  
r a n g e ,  b u t  t h e  t w o  c u r v e s  davex-ge when b o  becomes  v e r y  b a r g e ,  
e i t h e r  n e g a ? i v e l y  o r  p a ~ i t ~ v e l y ,  The r e a s o n  % o r  t h i s  d i f f e r e n c e  
i s  unknown h u t  s e v e r a l  f a c t o r s  c o u l d  c o n t r i b u t e  t o  i t ,  A t  l a r g e  
a n g l e s  o f  a t t a c k  v e r y  small  d l f f e r e n e e s  i n  p r o f i l e  c u r v a t u r e  a t  
t h e  l e a d i n g  e d g e  w i l l  mater .aa l lyr  a f f e c t  t h e  minimum p r e s s u r e  ob- 
t a i n e d ,  A l s o  i t  i s  i n  t h i s  r a n g e  t h a t  g r e a t e s t  d e v i a t i o n s  f r o m  
t r u e  i n f i n i t e  a s p e c t  r a t  i o  f r e e  s t  r eam c o n d i t  i o n s  e x i s t  f o r  b o t h  
t h e  f i n i t e  s p a n  u s e d  i n  t h e  Wind T u n n e l  t e s t  and  t h e  t w o - d i m e n -  
s i o n a l  i n s t a l l a t i o n  u s e d  i n  t h e s e  t e s t s ,  
C R l l i C A L  K VS  SECTION L l F T  C O E F F I C I E N T  
For  some p u r p o s e s  ~ t  i s  more c o n v e n i e n t  t o  r e f e r  t h e  c r i t i c a l  
v a l u e  of K t o  t h e  lift c o e f f i c i e n t  i n s t e a d  of t h e  a n g l e  o f  a t t a c k .  
Thus  on F i g u r e  5 2  K i s  p l o t t e d  a s  a f u n c l i o n  of  c l  . Note  t h a t  
0 
t h i s  is  t h e  l i f t  c o e f f i c i e n t  o b t a i n e d  b e f o r e  c a v i t a t i o n  s e t s  i n .  
At a n y  l i f t  c o e f f l c l e n t  cavitation - f r e e  o p e r a t  i o n  f s p o s s i b l e  as 
l o n g  a s  K i s  g r e a t e r  t h a n  t h e  v a l u e  shown by t h e  c u r v e ,  A  q u a l i -  
t a t i v e  i n v e s t i g a t i o n  i n  t h e  Wate r  T u n n e l  showed t h a t  s o o n  a f t e r  
t h e  i n c e p t i o n  o f  c a v l f a t l o n  t h e  l i f t  d r o p s  o f f  s h a r p l y  s o  t h a t  
t h e  d l agzam no l o n g e r  a p p l l e s ,  
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S U B M E R G E N C E  R E Q U I R E D  T O  P R E V E N ' T  C A V i T A T S O N  
F i g u r e  5 3  shows t h e  submergence  r e q u i r e d  t o  p r e v e n t  c a v l l a -  
t i o n  on t h e  4412 hydrofoil a s  a  f u n c t i o n  of v e l o c l t y  and  a n g l e  s f  
a t t a c k ,  The t e r m  ' submergence '  means t h e  v e r t i c a l  d e p t h  be low t h e  
w u t e r  s u r f a c e  ( e  g  o c e a n  s u r f a c e )  I n  e a c h  of t h e  two d i a g r a m s  
t h e  v e r t l c a l  d r s t a n c e  down f rom t h e  h o r r z o n t a l  a x l s  r e p r e s e n t s  t h e  
submergence  required t o  p r e v e n t  cavitation a t  a g l v e n  a t t a c k  a n g l e  
o r  g i v e n  v e l o c l t y ,  A l l  p o l n t s  be low t h e  c o n s t a n t  a. o r  c o n s t a n t  
V c u r v e s  r e p r e s e n t  c a v i t a t  i o n  - f r e e  o p e r a t  i o n  
The l e f t  -hand f  l g u r e  shows t h a t  f o r  a v e l o c l t y  of 7 0  f e e t  p e r  
s e c o n d  ( 4 1  5 k n o t s )  t h e  mlnirnum s u b m e r g e n c e  r e q u i r e d  Co p r e v e n t  
cavitation 1s $ 9  f e e t  a t  a. = - i U 4 O  F o r  a n y  o w h e  a n g l e  o f  
a t t a c k  & h e  n e c e s s a r y  s u b m e r g e n c e  s s  g r e a t e r ,  F o s  e x a m p l e ,  a t  
a, = +4  [cl- = 0 8 f r o m  F' igure 4 ) )  t h o  minimum submergence  ss 44 
V 
f e e t  a t  7 0  f e e t  p e r  s e c o n d ,  I n  t h e  r i g h t  -hand  d i a g r a m  t h e  l i m i t .  
i n g  r a n g e  of a n g l e s  a t  g l v e n  v e l o c i *  i e s  a n d  s u b m e r g e n c s n  a r e  
e m p h a s i z e d  F o r  e x a m p l e ,  a t  6 0  f e e t  p e r  s e c o n d  a n d  1 5  f e e t  s u b -  
m e r g e n c e ,  c a v ~ t a t i o n - f r e e  o p e s a t z o n  ns p o s s l b l e  o n l y  w r t h ~ n  t h e  
l i m n t s  of - 2  4' and  + 2  b0 
C A V I T A T I O N  A N D  N O I S E  
With  t h e  incep t  i o n  of c a v ~ t a t  non, bo t  h  a u d n b l e  and  s u p e r s o n i c  
n o i s e  i s  o m ~ i t e d  f r o m  t h u  c a v ~ t a i  ~ n g  z o n e ,  Measuremenis  of n o l s e  
caused by  c a v i t a t i o n  on v a r i o u s  s h a p e d  b o d i e s  havs  shewn t h a t  
i n  t h e  h i g h  f r e q u e n c y  r a n g e  t h e  s o u n d '  i n c r e u s o s  by a s  much as 4 8  
d e c i b e l s  a s  c a v ~ t a t a u n  j u s t  b e g a n 8  The s o u r c e  o f  1 ht2 n s i s o  i s  
a p p a r e n t  l y  ~ n  t h e  c o L l a ~ n e  of  t h e  v a p o r  b u b b l e s  and t h e  h i g h e s t  
intensity r s  o b t a n n e d  when t h e s e  bubbaeo  a r e  s m a l l  and o r l g ~ n n t o  
a n d  c o l l a p s e  on t h e  s u r f a c e  of t h e  ob j ec t :  W i t h  c o n t i n u e d  g r o w t h  
o f  c a v i t a t i o n  t h e  vapo r  b u b b l e s  c o L f a p s s  Ln Z he w a t e s  clwuy f r o m  
t h p  body and  t h e  n o l s s  i n i  e n s ~ t y  1 s  r educed  ~ o n s i z l o r ~ l b l y !  
It as z n f o r e s t  i n q  l o n o t e  t h a t  i n j e c t  ~ n g  a g a s  r n f  o t he c n v i  . 
t ah lng  %on(; W I L L  c a u s e  an ~ m r n o d ~ a i ~  noxse  r e d u c t L o n  Ilh~::  o ~ : ~ u r e  
b e c a u s e  t h e  a i r  e f f e c t  ~ v e l y  dampens t  he b u b b l e  eof  Lapse 
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V ,  C O N C C l l S  O O N S  A B O U T  MFTt-IODS OF ?ES S I NG M Y D R O F O  3 L S  
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of W a t e ~  T u n n e l  t e s t s  f o r  
t h e  c o m p l e t e  hydrodynamic  c h a r a c t e r i s t i c s  of  t h e  4412 p r o f i l e  und 
c  o m p a ~ e s  t hem w i t h  . t he  a v a i  l u b l e  i n f  o rma t  i o n  f rum Wind Tmunnel 
t e s t s  o f  t h e  same s h a p e ,  A s i d e  f r o m  t h e  s p e c i f i c  d e t a i l e d  be . -  
h a v i o r  of . t h i s  h y d r o f o i l  t h e  f o l l o w i n g  c o n c l u s i o n s  seem e v i d e n t , ,  
Water  Tunne l  t e s t s  u s i n g  t w o - d i m e n s i o n a l  h y d r o f o i l  s p a n s  p r o -  
v i d e  a  met  hod  o f  ob i  a i n i n g  s a t  i s  f u e l  o r y  i n f  i n i l  e  a s p e c t  r a t  l o  
c h a r a c t e r i s t  i c s  w i t h o u t  m a k i n g  c o r r e c t  i o n s  of  a n y  k i n d  t o  t h e  
i neasu red  d a t a ,  A t  s m a l l  a n g l e s  of c r t t a c k  t h a t  is  a t  low l i f t s ,  
good accu racy  c a n  b e  e x p e c t e d  E r r o r s  a r e  t o  be  e x p e c t e d  a t  l a r g e  
a t t a c k  a n g l e s ,  t h a t  i s  a t  h i g h  l i f t  s ,  b u t  this i s  o u t s i d e  t h e  n o r  - 
ma1 r a n g e  a f  a p p l i c a t  iains f u r  h y d . - o r o i l s  Even f o r  . t h i s  r e g i o n  
i he rnsthoa of  t e s t i n g  s k ~ o u l d  p r s v z d s  s a t  i s f a c t o s i ; ~  cornparat i v e  d a t a  
f o r  d i f f e r e n t  s e c t i o n s  L n a d d l t ~ o n ,  c o m p a r i s o n w i t h  t h e  Wind 
'Tunnel. t e n t s  z11aws t h e  Wai e ~ -  I'tanne l measuremen"r o v e r  t h e  en1 i r e  
r a n g e  of a n g l e s  do be a 8  good o r  IseSJer t h a n  f i n i t e  a o p e c t  r u t  l o  
t e s t s  rnequ~ a i n g  5 l u b o r a i e  c o r r o r t  l n n s  t o  o b t a i n  i n s i n s t o  a s p e c t  
r a t  Lo c h a r a c l  g r i s t  l c s  
C a v i L a t  l o n  t e s t s  p r o v ~ c l e  ~ n f o r m u t  ~ s n  a b o a t  t he ~ n c e p t  i o n  a n d  
g r o w t h  o f  t h e  c a v i l a f i o n  b u b b f o s  a b o u t  t h e  hydrodynamic  f o r c e s  
a c t  l ng  on t h e  i a y d r o f s ~ l  when c a v ~  +at on b e g ~ n s  , a r ~ d  a b o u t t h e  c s n -  
sequent .  r i m a t a t i o n s  an  o p e s ~ t i m g  s p e e d s  and  submsrgr ;ncos ,  Ths i n .  
cept 2-on of e c l v i t a t  i o n  cart b e  p r a d i  c t  s d  a p g r s x l m a t e l  y f rom p r o e e u r o  
d i ~ t  r j b u t f o n  n ~ e c i s u r e m e n t ~ ~ ,  but  t h e  L u l t e r  a r e  I roubleeorno  'ro make 
a n d  a r e  no t  as a a i  i s f a c t o r y  a e  ac"rcil c u v ~ t  a l " ~ s n  t asJ  13 The; o t h e r  
i n f o r m a t i o n  cun  b e  o lsska~nod o n l y  w ~ t h  undoswa ta r  c a v l l a i  ron  J o u t a  
It s e c m s  a p p a r e n t  f h a t  t h e  Wader TunneL equngpod f o r  moas . 
u r i n g  h y d r o d y n a m ~ c  f o r c e s  a n d  rnomente, ad w o J i  a a  f o r  o h t a i n ~ n g  
c a v i t n t  i o n ,  p r o v i d e s  a most  a a t i s f a c i o r y  means of r n v e s l  s g s t  i n y  
h y d r o t o ~ l  churacker1~3 l e e  
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A P P E N D I X  A 
T E S T  E Q U I P M E N T  AND PROCEDURES 
The tests covered by this report were conducted in the High 
Speed Water Tunnel at the California Institute of Technology. The 
following paragraphs contain a brief description of the tunnel and 
the test ~r0CedureS employed. A more detailed description of the 
High Soeed Water Tunnel will be found in Reference I. 
M A I N  C I R C U I T  
The Water Tunnel is of the closed circuit, closed working 
section tyoe. Figure A-l shows a profile of the main flow circuit 
which consists es- 
s e n t  i a l l y  of t h e  
-- 
working sect ion, the 
c irculat ing ~ u m v ,  
TRANSPARENT REDUCER 
the stilling tank, SECTION WORKING SECTION DIFFUSER /Im/ D X I F T  LONG 
a n d  the necessary 
p i p e  connect ions. 
The cylindrical work- 
ing section is 14" in 
diameter, 72" long, 
and is ~rovided with 
three lucite windows. 
T h e  ~ r o n e l l e r - t y p e  
circulating vump i s  
V-belt connected to a 
variable s ~ e e d  dyna- 
mometer, The speed 
of the dynamometer is 
automdt ically con- 
trolled and is held F I G U R E  A - 1  
c o n s t a n t  w i t h i n  
k 1 r . ~ . m . ,  w h i c h  
c o r r e s p o n d s  t o  a 
maximum water velocity vari~tion in the working section of 1/30.ft. 
Der sec. While post tests are made with water velocities of 24 
to 31 ft. ver sec,, any velocity between 10 and 72 ft. per sec. is 
easily obtainable. 
A U X I L I A R Y  C I R C U I T S  
Two auxiliary water circuits, one for Dressure control and one 
for tem~erature control, are used in conjunction with the main 
circuit. These circuits are shown in Figure A-2, which is an iso- 
nlotric diagram of the cont~lete water tunnel installation. 
To make i t  ~ossible to induce or inhibit cavitation at will, 
i t  is necessary that the pressure in the working section be con- 
trollable independently of the velocity. This is accomvlished by 
suoerimposing the pressuie regulating circuit on the main circuit. 
RESTRICTED 
FIGURE A - 2  
4 small flow of water from the sump is forced into the stilling 
tank by the regulating pump, and is returned to the sump through 
the by-pass valve. Since the main circuit is closed and com - 
pletely filled, i t  is evident that the pressure in i t  may be 
controlled by vurying the opening of the by-pass valve. A 
stripping pump (not shown in Figure A-2), in series with the by- 
pass valve, is used to produce very low pressures. The vacuum 
pump is used to remove air from the system so as to keep it full 
of water at all times. 
The energy put into the water of the main circuit by the 
circulating pump (up to 250 HP) is all dissipated in heat. T o  
prevent the temperature of the water from rising to undesirable 
values, i t  is necessary to remove this heat by cooling. Part of 
the water returned through the by-pass valve is picked up by the 
cooling water pump, circulated through the forced-draft cooling 
tower on the roof, and returned to the  sum^. By varying the 
4uantity of water circulated through the cooling system, i t  
is possible to maintain the water in the main circuit at a con- 
stant temperature. 
B A L A N C E  
Tlhe b a l a n c e ,  s h o w n  
schematically in Figure A-3, 
is designed to measure three , /'\ 
components of the hydro- /$ ' \1.. dynamic forces acting on the yi \ '\ 
/ 
model. These are the drag \ 
force parallel to the flow, 
the cross force normal to 
the flow, a n d  the moment 
around the axis of support. 
T h e  t h r e e  f o r c e s  t o  be 
measured are transmitted 
hydrostat ically t o  three 
self-balancing, weighing 
type pressure gages. These 
a u t o m a t i c  g a g e s ,  u n d e r  
glass covers, may be seen in 
Figure A-4, which is a view 
of the operating floor of the 
Water Tunnel. The fourth 
gage shown in this figure 
is a weighing type manometer 
used to determine the ve- 
locity in the working see- 
t i o n  by measuring t h e  
pressure drop across the 
reducing nozzle. The gages f I G U R E  A-3 
are responsive to a change 
in the drag or cross force 
acting on the model of 0.02 pounds, and a change of 0.04 inch- 
pounds in the moment . ' 
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A - 5  
H Y D R O F O I L  'ESr  I hS*A!..LAT I O N  
The a r r angemen1  of t h e  Water  Tunne l  w o r k i n g  s e c t l o n  u s e d  f o r  
t h e s e  h y d r o f o i l  t e s t s  L Y  shown i n  F l g a r e  A-5 Two p a r a l l e l  w a i l s  
w e r e  i n s t a l l e d  10 a p a r t  a t  t o p  a n d  b o t t o m  of r h e  1 4  1 d l a m e t e r  
w o r k i n g  s e c t  l o n  A smooth t s a n s l t  l o n  w a s  made a t  e a c h  e n d  of  t h e  
w a i l s  f r o m  r h e  c i r c u l a r  t o  t h e  a p p r o x l m a t e i y  r e c t a n g u l a r  c r o s s  
s e c t  i o n  By l o e a t  l n g  t h e  h y d r o f o i l  t  e s f  s e c t i o n  spanwnse be tween  
t h e  two w a l l s ,  r w o - d i m e n s r o n a l  f l o w  c o n d r t i o n s  c o u l d  b e  a p p r o x l -  
m a t e d  T h e  t e s t  s p a n  was  s u p p o r t e d  a t  o n e  ' r i p  by t h e  b a l a n c e  
s p i n d l e  a s  shown a n d  cantilevered r n t o   he s i ~ e a m ,  By r o t a t i n g  
t h e  s p i n d l e  t h e  h y d r o f o r i  a n g l e  of a t t a c k  was c h a n g e d ,  M e a s u r e -  
m e n t s  of  d r a g ,  l i f t  and  p i t c h l n g  moment w e r e  o b t a r n e d  u s  r e a c  - 
L i o n s  a t  t h e  d r a g  y a w ,  a n d  moment p r e s s u r e  c y l r n d e r s  shown xn 
F i g u r e  A . 3 "  
Two v a r i a t i o n s  of  t h e  t w o . d i m e n t l o n a l  i n s f a P l a B i o n  were  u s e d ,  
I n  one t h e  h y d r o f o i l  u n r t  spanned. t h e  e n l i r e  10"epth be tween t h e  
t o p  und b o t t o m  w a l l s  e x c e p t  f o r  s m a l l  c l e a r a n c e  g a p s  a t  e i t h e r  
w a l l ,  The l e s t  s p a n  had  a c h o r d  of 3 '  maklng  t h e  a s p e c t  r a t  i o  
e q u u l  3 5 3  T h i s  i s  t h e  a r r a n g e m e n t  shown a t  t h e  l e f t  i n  F l g u r e  
A-6 I n  3eEecP ing  t h e  p p o p o r t i o n s  of She h y d r o f o r l  t e s t  u n r i  two 
t h l n g s  were  + a k e n  i n t o  a c c o u n " r ~ h e  f  s r s t  was t h e  p h y s i c a l  cape- 
i t y  ox t h e  b a l a n c e  (208 I b  l i f t )  a n d  t h e  s e c o n d  was t h e  s t - s u c -  
luz.aL r i g ~ d i t y  o f  "re  hydrofoil u n i t  i t s e l f  En o r d e r  t o  come 
w i t h i n  the s:upcacity r a n g e  of $'he b a l a n c e  i t  was noceasa ry .  t o  r e  - 
d u c e  t h e  s i z e  a n d  h e n c e  t h e  t h i c k n e w s  a n d  r s g s d i t y  of t h e  c a n t i  - 
l e v e r e d  h y d r o f o i l  i n  t h e  l i f t  d i r e c t  ron s o  much t h a t  a t  h i g h  l i f t s  
r a t h e r  s e v e r e  d e f l e c t  l o n e  o c c u r e d  i f  t h e  f u l l  l e ) l b l  s p a n  were  usod  
C o n s o q u e n C l y ,  f o r  t h e  s s c o n d  i n s t u P l a ~ i o n  shown at  t h e  r r g h i  i n  
f ' t g u r e  A . 6  lihe t e s t  unit s p a n n e d  o n l y  o n e . h u l f  o f  t h e  1 0  g a p ,  
e x l e n d i n g  f r o m  t h e  b o t t o m  waLl  * o t h e  t u n n e l  cent  er l i n e  a n d  a  
duvmy h y d r o f o i l  s e c t i o n  was e x t e n d e d  f r o m  t h e  t o p  down t o  t h e  
c e n t e r  l l n e  t o  c o m p l e t e  t h e  r e m a s n i n g  h a x i  s p a n  With  t h i s  s e t  - 
u p  t h e  b a l a n c e  m e a s u r e d  o n l y  one  . h a l f  t h e  f o r c e e  and n o m e n h  on 
t h o  t o t a l  1 0  I s e c t i o n  and  t h e  rcizlgc of t h e  e x p e r ~ m e n . i n  r :or~ld b e  
ex 'ended  J o  h i g h e r  v e ~ o c ~ t  l e u  a n d  11 k t e  f hmn we&@ p c a u a ~ b l o  with 
t he  cumple '+e  lo" s p a n  A s m a l l  g a p  ad i he Lower w a l l  and  a1 t h e  
c e n t e r  l i n e  of  t h e  t u n n e L  b e t w e e n  I h e  e n d s  of t h e  two sernrupans  
p r o v ~ d e d  t h e  c l e a r a n c e  r t e c e s u a r y  f o r   sola at r o n  of t h e  3wo s p a n s  
An a n g l e  i n d s x ~ n g  d e v i c e  was p r o v i d e d  i o  c h a n g e  t h e  p r t c h  a n g l e  
o f  t h e  u p p e r  s e c t i o n  s l m u l l a n e o u s l y  w i + h  t h e  l o w e r  h a i f  s p a n  
F i g u r e  A -7 i s  a s i d e  v i e w  of  t h e  w o r k ~ n g  s e c t i o n  a n d  t u n n e l  
b a l a n c e  showing t h e  u p p e  t s e m i s p a n  r n  p o s r t  i o n  a n d  i h e  b o t t o m  
h a l f  mounted  on i he  Wator  Tunne l  b a l a n c e  r e a d y  t o  be  l i f t e d  ~ n t o  
pos  r t  ron  f o r  t e s t z n g  F ~ g u r e  A - 8  r s  a c l o s e  - u p  view of t h e  l ower  
s e m i s p a n  a p d  b a l a n c e  a s s e m b l y  The  e r r c u l a r  d r s c  fo rms  p a r t  of 
t h e  l o w e r  p a r a l l e l  w a l l  and  3s s e p a r a t e d  f r o m  t h e  h y d r o f o r l  by a  
s m a l l .  c l e a r a n c e  F s g u r e  A - 9  1.8 n v r e w  Look lng  downs ' i reum l n i o  
t h e  t d n n e i  w o r k l n g  s e c t i o n  w i t h  + h e  p u r a l l e r  w a l l s  and t h e  h y d r o -  
f o s l  t e s t  u n i t  i n  p l a c e  
RESTRICTED 

RESTRICTED 
A- 7 ATTACK ANGLE 
INDEXING DEVICE 
FOR UPPER SEMI - SPAN) 
SEMI- SPAN 
1.005 CLEARANCE 
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S I D E  v I E W  OF W A T E R  TUNNEL I N S T A L L A T I O N  S H O W I N G  
U P P E R  S E M I S P A N  I N  P L A C E  I N  N O R K I N G  S E C T I O N  AND 
L O W E R  S E M I S P A N  A T T A C H E D  T O  B A L A N C E ,  I N S T A L L A -  
T I O N  I S  C O M P L E T E D  B Y  R A I S I N G  B A L A N C E  A N D  PRO- 
J E C T I N G  LOWER S P A N  I N T O  W O R M I N G  S E C T I O N  T O  M E E T  
U P P E R  S P A N ,  
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D E T A I L S  OF H Y D R O F O I L  M O U N T I N G  ON B A L A N C E .  C I R C U L A R  
D I S C  SHOWN F O R M S  A  P A R T  OF T H E  LOWER P A R A L L E L  W A L L  
A N D  i S  S E P A R A T E D  F R O M  T H E  H Y D R O F O I L  B Y  A S M A L L  
C L E A R A N C E .  
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V l E W  L O O K  l NG DOWNSTREAM l N T O  T U N N E L  WORK I i4G 
S E C T I O N  W I T H  THE P A R A L L E L  W A L L S  A N D  H Y C R O -  
F O I L  T E S T  S P A N  I N  P L A C E .  
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R E S T R B C T E D  
T E S T  P R O C E D U R E S  
The f a c i l i t i e s  of' t h e  Hlgh Speed  W a t e r  T u n n e l  p r o v i d e  f o r  
g r e a t  flexibility i n  o p e r a t  i o n  and  t e s t  p r o c e d u r e s  I n d i v  i d u a l  
t e s t  r u n s  a r e  u s u a l l y  made t o  d e t e r m i n e  t h e  e f f e c t  of t h e  h y d r o -  
dynamic f o r c e s  of i nd l . i r i dua l  va i - iabEes  a l t h o u g h  a n y  of t h e  v a r i  - 
a b l e s  may be  changed a t  w i l l  i n d e p e n d e n t l y  of t h e  o t h e r s  Because 
of t h e  two -dimensional c h a r a e i e r  of t h e  h y d r o f o i l  i n s t a l l u t i o n ,  a  
s i n g l e  t e s t  c o v e r i n g  t h e  d e s i r e d  Pange  of p l + c h  a n g l e s  was s u f -  
f l c i e n t  t o  determine t h e  hydrodynammc c h a r a c t e r l s i  i c s  of i he  hy - 
d r o f o l l  a t  a n y  g i v e n  v e l o c ~ t y  
V a r i a b l e  s p e e d  t e s t  r u n s  a r e  n e c e s s a r y  i f  t h e  s c a l e  [Reynolds  
number)  e f f e c t  on t h e  hydrodynamic  f o r c e s  i s  .l: o  be  d e t e r m x n e d  
The speed  c a n  be v a r i e d  i n  a s  many s t e p s  ag  d e s i r e d  and t h e  f o r c e s  
m e a s u r e d  a t  e a c h  s t e p  D u r i n g  t h e s e  tc;sCs t h e  p r e s s u r e  ~ n  t h e  
working  s e c t i o n  i s  kep t  hngh enough -Lo s u p p r e s s  c a v l t a t  i o n  ut  t h e  
h ~ g h e s t  v e l o c s t  y 
I n  o r d e r  t o  d e t e r m ~ n e  c a v i l a t  i o n  c h a r u c t  e r i s t  i e s  t e n t s  a r e  
made d u r l n g  whnch t h e  p r e s s u r e  s s  v a r l e d  w h i l e  a l l  o t h e r  f a c t o r s  
a r e  h e l d  c o n s  I a n t  The i n c e p t  run und development of e a v i  f u t   on 1s 
o b s e r v e d  a n d  p h o t o g r a p h e d  t h r o u g h  t h e  t r a n s p a r e n t  windows of t h e  
w o r k i n g  s e c t i o n  S i m u l t a n e o u s i y  v e l o c i t y  and  p r e s s u r e  m e a s u r e -  
men t s  a r e  made f r o m  which  v a l u e s  of  t h e  c a v r t a t i o n  p a ~ a m e t e r  c a n  
b e  c a l c u l a t e d  I f  t h e  c a v i t a t i o n  d o e s  n o t  make t h e  C e s t  mode l  
d y n a m i c a l l y  u n s t a b l e  a n d  c a u s e  I L  t o  v l b r a i e ,  t h e  h y d r o d y n a m i c  
f o r c e s  and moments can  a l s o  be  measu red ,  These  t e s t s  can  be r e  - 
p e a t e d  a t  a s  many v e l o c l f  l e s  as d e s i r e d ,  
The  p h o t o g r a p h s  of  c a v i t a t ~ o n  i n c l u d e d  i n  t h e  r e p o r t  a r e  
f l u s h  p i c t u r e s  t a k e n  w i t h  lamps h a v i n g  a f l a s h  d u r a t ~ o n  of a b o u t  
2 0  m i c r o s e c o n d s  
R E S T R B C T E D  
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A P P E N D I X  B 
D E F E N r T  O N S  OF TERMS A N D  SYMBOLS 
a. = a n g l e  o f  a t  t a c k  b e t w e e n  h y d r o f o i l  meun f l o w  of  w a t e r  i n  
d e g r e e s  
d o  = d r a g  f o r c e  p e r  u n i t  l e n g t h  o f  h y d r o f  oi  l s p a n  i n  p o u n d s  
lo  l i f t  f o r c e  p e r  u n i t  l e n g t h  of  h y d r o f o i l  s p a n  i n  p o u n d s  
m a  "pitching moment p e r  u n i t  l e n g t h  of  h y d r o f o i l  s p a n  i n  f o o t  
p o u n d s  , measu red  a b o u t  t h e  ae rodynamic  c e n t e r  
V = r e l a t i v e  v e l o c i t y  be tween t h e  w a t e r  and t h e  h y d r o f o i l  i n  f  e e t  
p e r  s e c o n d  
p = d e n s i t y  of w a t e r  i n  s l u g s  p e r  c u b i c  f o o t  
li. = a b s o l u t e  v i s c o s i t y  of w a t e r  i n  pound s e c o n d s  p e r  s q u a r e  f o o t  
c  = c h o r d  of h y d r o f o i l  s e c t i o n  ~ n  . f e e t  
b  = s p a n  of h y d r o f o i l  P e s t  u n i t  I n  f e e t  
b / c  = a s p e c t  r a t  l o  
a , c  a e r o d y n a m i c  c e n t e r  + h e  p o i n t  a b o u t  w h i c h  t h e  p i t c h i n g  
moment coefficient r s  ~ n d e p e n d e n t  of l i f t  
C  P " c e n t e r  of p r e s s u r e  t h e  p o i n t  a t  whlch  t h e  r e s u l t a n t  of a l l  
t h e  hydrodynamic f o r c e s  a c t i n g  on t h e  h y d r o f o i l  is  u p p l i e d  
S e c t i o n  Drag C u e f f i c a e n t  
d  0 
- 
"d, - - 
D v 2 ~  
L 
S e c t  i o n  L i f t  Coeff  l e i e n t  
S e c t  i o n  Moment Coeff i c  i e n t  ( abou t  ae rodynamic  c e n t e r )  
Reynolds  Number 
RES7W I CTED 
W ESTW l CBED 
The 4412 hydrofoil shape 1 3  the same as the NACA 44%2 Airfoil 
shape described in References ( $ 1 ,  141, ( 5 1 ,  and ( 6 ) .  Dimensions 
bf the profile are tabulated i a t  Frgure C-1, For these ew~erirnents 
solid stainless steel tese seci~ons w i t h  a chord length of 3" were 
supplied the laboratory by the David Taylor Model, Basin. Photo- 
graphs of the test units are shown ~n Figures 1, 2, and 3 of this 
report, Details of the test rxstnliations are g ~ v e n  in Appendlx 
A. 
Per c of Chord 
A *  4412- L- 
Ls~zding Edga Radius 1.58 
Slope of Radius through Em3 af Chord 44120 
MAXIMUM A G A M  t3ER 0.04 X CHORD 
L86AT10N OF W I X .  CaMBEFi 8 0.4 X CHORD 
MAXIMUM IHlCKNESd r 0,828 X QWOAB 
REF. NNGCA TECH* REPrn 460 N D -  794 --f 
RESTRICTED 
Cavi  t a t  i o n  Pa rame te r  
Where i n  a d d i t i o n  t o  t e r m s  d e f i n e d  above  
PL = a b s o l u t e  p r e s s u r e  i n  t h e  u n d i s t u r b e d  f l o w  i n  pounds per  
s q u a r e  f o o t  
pb = p r e s s u r e  i n  t h e  c a v i t a t i o n  b u b b l e  ( t a k e n  a s  e q u a l  t o  
t h e  v a p o r  p r e s s u r e  of w a t e r  f o r  t h e s e  t e s t s )  i n  po  u n d s  
p e r  s q u a r e  f o o t  
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